Peritoneal mesothelium was exposed for 2-60 min to solutions of horseradish peroxidase by incubation in vitro, or after intraperitoneal injection in vivo. Peroxidase was localized, with the electron microscope in the intercellular clefts of the mesothelium, often along their entire lengths, in vesicles adjoining or contiguous with the clefts, and along the peritoneal and basal surfaces of the cell, and also in intracytoplasmic vacuoles. The intercellular junctions of peroxidase-treated mesothelium did not differ from those of controls: open and closed junctions were present in both groups. Intercellular localization was also obtained when the mesothelium was exposed to peroxidase during or after fixation. Although intracellular absorption of peroxidase and its incorporation into larger vacuoles were observed, there was no clearcut evidence of vesicular transport across the mesothelium in these experiments. These findings are consistent with physiologic data which postulate that mesothelial transport can be accounted for, at least in part, by passive diffusion through a system of pores, and they suggest that these pores are located in the intercellular clefts.
INTRODUCTION
The mechanism of solute transfer across the peritoneal mesothelium has been the subject of numerous anatomic and functional studies. These studies have been stimulated by the well known absorptive capacity of the peritoneum, and because the mesothelium shares certain physiologic and morphologic properties with capillary endothelium (4, 21, 25, 33) .
Physiologic studies have generally indicated that, for lipid-insoluble molecules, mesothelial transport can be explained by the process of passive diffusion (2-5, 8, 15, 30) . Thus, different solutes crossed the peritoneal lining at speeds which were directly proportional to their diffusion coefficients (8); transport followed electrochemical gradients, and diffusion rates were proportional to the magnitude of the gradient (5, 8, 31) . In a series of equilibrium studies on isolated peritoneum and mesentery, Berndt and Gosselin (2) (3) (4) 15) concluded that the permeability of the mesothelium to lipid-insoluble substances could be accounted for by pores or channels occupying 0.2-0.6 % of the surface, but the size of these pores was not calculated.
On the other hand, anatomical studies, including electron microscopy, have not clearly outlined the route of transmesothelial transport. Experiments with electron-opaque tracers (14, 22, 23, 32) have, until recently, suggested that transport of such tracers across the mesothelium was mainly by way of the micropinocytotic vesicles, a finding which is not entirely consistent with the process of passive diffusion.
Recently we have reported studies which raised the possibility that the intercellular spaces (clefts) may be the sites of transmesothelial passage. Experiments with saccharated iron oxide as a tracer (9) showed localization of particles within the intercellular spaces; in these experiments, however, the particles rarely outlined the entire length of the intercellular cleft, and it was not possible to rule out injury to the mesothelium as a factor in intercellular localization. In other studies (9) it was shown that, when mesothelium was exposed to barium-containing fixatives, electron-opaque precipitates, probably composed of colloidal barium particles, localized in intercellular clefts. Although suggestive of intercellular transport, these studies were not definitive since the possibility of binding of barium compounds by a material in the intercellular cleft, i.e. staining, could not be ruled out. Recent experiments by Casley-Smith (7), who used barium and other ions, have also shown intercellular localization of such ions in mesothelium and endothelium. The present paper reports the localization, in the peritoneal mesothelium of the rat and mouse, of horseradish peroxidase, a plant protein of molecular weight 40,000. It will be shown that, under the experimental conditions used, the intercellular clefts are the major pathways by which this protein crosses the mesothelium.
MATERIALS AND METHODS

General
Animals used were male, Sprague-Dawley (Holtzman), adult rats weighing 200-350 g and adult, white Swiss mice, of both sexes, weighing 25-30 g. They were fed on laboratory chow and water ad libitum.
Most of the observations reported here were made on the peritoneal mesothelium lining the scrotal sac of the rat. This membrane is an extension of the parietal peritoneum, and it extends through the inguinal canal into the scrotum; the mesothelial lining is closely applied to the cremaster muscle, which is a continuation of the internal oblique muscle. In practice, therefore, the tissue removed for examination comprised the thin sheet of cremaster muscle (20) with the mesothelial membrane adherent to its inner (peritoneal) surface (Fig. I) . Limited experiments were also done on the peritoneal mesothelium lining
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the anterior abdominal wall of the mouse as well as the mesentery of both rats and mice.
In Vitro Incubation with Horseradish Peroxidase
Animals were lightly anesthetized with ether and sacrificed by decapitation. An incision was made in the skin of the scrotum and a sheet of cremaster muscle 1-2 cm square was cut out with scissors. It was then transferred into an incubation dish containing peroxidase in Krebs-Ringer phosphate solution (pH 7.3-7.4), to which was added 10 moles per milliliter glucose. The dish was gently bubbled with oxygen and maintained at 37°C. The horseradish peroxidase used in most of the experiments was Sigma type II (Sigma Chemical Co., St. Louis, Mo.) at a concentration of 0.5 mg/ml; this was the most dilute solution that regularly gave a reasonably strong cytochemical reaction detectable by electron microscopy. The times of incubation were 2, 10, 20, 30, and 60 min. The pieces of cremaster were then rinsed once in KrebsRinger phosphate and transferred into fixative. Segments of mouse parietal peritoneum and rat mesentery were incubated in a similar fashion.
In Vivo Experiments
Under ether anesthesia, a I cm abdominal incision was made, and a long needle with a smooth globular perforated end was inserted through the inguinal canal into the cremasteric sac. 2 ml of Krebs-Ringer phosphate containing 0.5 mg per milliliter of peroxidase were injected into the sac. The needle was then removed and the abdominal incision closed with silk sutures and skin clips. The animals were sacrificed 10, 15, and 30 min later. The animals appeared externally normal, but intravenous injection of colloidal carbon (20) resulted in carbon leakage in the venules of the cremaster. This effect, due to mast cell damage and release of vasoactive amines, occurs regularly in the rat (10) and can be inhibited by histamine and serotonin antagnoists (see below).
Ultrastructural Localization of Peroxidase
The fixative used in most experiments was Karnovsky's formaldehyde-glutaraldehyde fixative (17) diluted 1:1 with cacodylate buffer at pH 7.4. The final fixative consisted of formaldehyde 2%, glutaraldehyde 2.5%, cacodylate buffer 0.1 M, and CaCl2 25 mg/100 ml. Single experiments with Karnovsky's fixative diluted 1:4 and 3% glutaraldehyde in 0.05 M cacodylate buffer gave similar results. The pieces of cremaster which had been exposed to peroxidase and FIGURE 1 Survey micrograph of the mesothelium (M) overlying the cremaster muscle (S). The tissue was exposed to peroxidase in vitro for 10 min and fixed, but it was not incubated for the cytochemical demonstration of peroxidase. The mesothelial cell (M), lining the peritoneal cavity (PC), is intact and the intercellular clefts (C) show no obvious widening. The interstitial tissue beneath the mesothelium contains collagen fibers (F), connective tissue cells (unlabeled), and a blood vessel (BV). X 8500.
rinsed were fixed for 45 min to 2 hr at room temperature. In most instances, a few minutes after the initiation of fixation, 0.5-1 mm of tissue was trimmed from the edges of the square of muscle and discarded; the central portions were used. After fixation, the tissues were washed in 0.1 M cacodylate buffer at 4°C for 5-18 hr. Subsequently, 2040 p frozen sections as well as 1 mm cubes of tissue were incubated in the complete incubation medium for the cytochemical demonstration of peroxidase (16) . Frozen sections were cut perpendicular to the mesothelial surface of the cremaster. The incubation medium contained 3,3'-diaminobenzidine tetrahydrochloride (0.05%) (Sigma Chemical Co.), hydrogen peroxide (0.01%), dissolved in 0.05 M tris buffer at pH 7.6. The incubation time was 10-30 min. Preliminary experiments had shown that, when 1 mm blocks rather than frozen sections were used, the reaction product was localized only in the superficial portions of the blocks; in most instances, this included the whole thickness of the mesothelial cells, but the reaction in the submesothelial interstitium, which was black in frozen sections, e.g. Fig. 5 , was only gray or dark gray in block incubation. All the observations reported here were made on frozen sections, but the localization of peroxidase in the mesothelium was identical in both frozen sections and blocks. Since tissue preservation was generally superior in tissues incubated en bloc many of the micrographs submitted in this paper are derived from such material. After incubation, the tissues were rinsed three times in cold, distilled water and postfixed in 1.3% osmium tetroxide in collidine buffer, with 7.5% sucrose, at pH 7.4; then they were dehydrated in increasing concentrations of alcohol and embedded in Epon 812. Thin sections were cut on an LKB ultrotome with diamond knives, and examined in a Philips EM 200 electron microscope either unstained or after it had been stained with lead citrate (34) or uranyl acetate followed by lead citrate.
Controls
Controls consisted of mesothelium from normal animals, as well as mesothelium exposed in vitro and in vivo for 10 min to Krebs-Ringer phosphate solution without addition of peroxidase. Controls for the specificity of the cytochemical reaction consisted of tissues incubated in media that excluded either the H 2 0 2 or the diaminobenzidine (16, 18) .
Studies on Cell Junctions
In order to study in detail the structure of the intercellular junctions in the mesothelium, normal cremaster and cremaster exposed for 10 min to peroxidase or to Krebs-Ringer phosphate in vitro and in vivo were examined without incubation in the histochemical medium. Four fixation procedures were employed: Karnovsky's formaldehyde-glutaraldehyde diluted 1:1 and 1:4 followed by Os0 4 -collidine as described above; OsO4-collidine at 4C; OsO 4 -Veronal at 4C (24); and 3% glutaraldehyde in 0.05 M cacodylate buffer followed by Os0 4 -collidine. Some blocks were treated with uranyl acetate before dehydration according to a modification (18) of the method of Farquhar and Palade (13); the Os04-Veronal-fixed blocks were immersed in 10 KMnO 4 in acetone, after dehydration in acetone, according to Parsons (26) .
Studies in Rats Treated with Histamine and Serotonin Antagonists
Since horseradish peroxidase causes increased vascular permeability in rats by virtue of its mast-cell damaging effect (10) , observations on the distribution of peroxidase in the mesothelium were repeated in rats which had been injected intravenously with 2 mg/kg body weight of pyrilamine maleate and BOL 148 (2-bromo-D-lysergic acid diethylamide; Sandoz, Inc., New York), histamine and serotonin antagonists respectively. This treatment resulted in virtually total inhibition of the increased vascular permeability induced by peroxidase in the rat (10); this inhibition was confirmed in vivo, in animals exposed to peroxidase, since there was an absence of leakage of colloidal carbon (20) which was injected intravenously prior to the injection of peroxidase.
RESULTS
In Vitro and in Vivo Exposure to Peroxidase
In the following account, the terms peroxidase, reaction product, and staining will be used to denote an amorphous, occasionally clumpy, electron-opaque material present only after incubation in the complete cytochemical mixture and representing reaction product deposited at the sites of enzymatic (peroxidase) activity. Reasons for believing that the localization by this technique is accurate are given elsewhere (18) .
The general pattern of staining in the mesothelium was essentially similar in all preparations, whether exposed in vitro (Figs. 2-4) or in vivo (Fig. 5) , and independent of the time of exposure. The peroxidase outlined the peritoneal (or free) cell surface, and it filled some of the superficial vesicles, many of the intercellular clefts (often along their entire lengths), vesicles contiguous with or adjacent to the clefts, and a few vesicles at the basal surface of the cell (Figs. 2, 3 ). The reaction product often outlined the tortuous contours of the intercellular clefts (Figs. 4, 7) . In some instances, segments of the cleft remained unstained; this was most common at the luminal (peritoneal) end of the cleft, but in such preparations the peritoneal surface of the cell was also unstained which suggests that the peroxidase had been washed out during processing, e.g. as in Fig. 5 . Rarely, an unstained segment exhibited reaction product on both sides of the length of the cleft, and in a few micrographs there was suggestion of a constriction of the intercellular space on one or both sides of such unstained segments. Generally, however, the presence of peroxidase obscured the details of the cell membranes on either side of the cleft. FIGURE 2 Rat mesothelium incubated in vitro with peroxidase for 10 min. Reaction en bloc (see Materials and Methods). Peroxidase is adherent to the cell surface lining the peritoneal cavity (PC), including the microvilli (me), and fills the entire length of the cleft between two mesothelial cells (M). There is staining of surface vesicles adjacent to the cleft. The vesicles within the mesothelial cell are unstained. The gray staining of the interstitium (I) also represents peroxidase. X 69,000. FIGURE 3 Rat mesothelium, 20 min after in vitro incubation with peroxidase. Peroxidase outlines the intercellular clefts on lateral sides of a mesothelial cell and fills the surface, but not intracytoplasmic vesicles. The interstitium, which stains gray (I), is also permeated with peroxidase. The collagen fibers (F) are outlined by reaction product. X 13,000.
Staining of vesicles was mostly limited to peritoneal, basal, and lateral surfaces of the cell (Figs.  2, 3 ). Often there were one to three layers of labeled vesicles beyond these surfaces. In grazing sections, there was widespread labeling of vesicles which were distributed in clusters near tangential cuts through the clefts. Such vesicles, which appeared intracytoplasmic, were interpreted to be opening to the surface at another level (Fig. 4) . Both smooth and fuzz-coated vesicles appeared to fill with peroxidase (Fig. 4) . On rare occasions there was staining of a vesicle within mesothelial cells with no obvious connection to any of the cell surfaces. Even after incubation with peroxidase in vitro for 60 min, or exposure in vivo for 30 min, no images were encountered in which all the vesicles throughout the thickness of the cytoplasm were stained.
In addition to the labeling of the intercellular clefts and surface vesicles, many larger vacuoles, 0.5-1 /p in diameter (Fig. 6) , contained reaction product. Staining of larger vacuoles was more prominent 30 and 60 min after incubation.
In general, the mesothelial cells formed a continuous layer lining the cremaster muscle. Occasionally, however, small segments of the mesothelium were denuded; this occurred especially towards the edge of the blocks, was present in both experimental and control preparations (incubated in Krebs-Ringer phosphate alone), and was probably due to trauma during processing. In addition, after 20-60 min of incubation, some mesothelial cells appeared somewhat swollen, and occasionally there was obvious degeneration of individual mesothelial cells. The plasma membranes as well as membranes of various intercellular organelles in necrotic cells were usually heavily stained. This was probably due to abnormal permeability of damaged cells to peroxidase and adsorption to internal membranes.
Peroxidase also permeated the interstitium beneath the mesothelium; it diffused between the individual muscles and filled the elements of the T system in muscle fibers proper. The intercellular clefts and basal vesicles of the endothelium of small blood vessels sometimes also contained FiGURE 4 Rat mesothelium, 10 min after in vitro incubation with peroxidase. Peroxidase fills the tortuous intercellular clefts, which are cut obliquely in several areas. There is widespread labeling of the vesicles adjoining these clefts; this is especially evident in the mesothelial cells (M1) and (M 2 ) which are also sectioned obliquely. The arrows point to fuzz-coated vesicles which are filled with peroxidase. The interstitium also contains peroxidase. X 35,000. peroxidase. Generally the permeation of peroxidase into the cremaster tissue proper was greater at later time intervals. Many histocytes contained peroxidase in small vesicles (both fuzz-coated and smooth) and large membrane-bounded vacuoles. These were more numerous at later time intervals, but were seen as early as 10 min after in vitro exposure.
In two experiments on mice, the localization of peroxidase in the peritoneal mesothelium after in vitro and in vivo exposure for 10 min was similar to that in the rat.
Exposure to Peroxidase During or After Fixation
Since transmesothelial passage of peroxidase during or after fixation would argue against an active pinocytotic mechanism, the following two experiments were done. Cremaster was placed in fixative solution containing 0.5 mg of enzyme per milliliter for 10 min; it was then rinsed, fixed further for 1-2 hr in peroxidase-free fixative, and reacted for peroxidase. The localization in the clefts and vesicles was identical with that seen in the in vitro and in vivo experiments described above (Fig. 7) . After fixation of the cremaster in peroxidase-free fixative for 10 min followed by incubation in peroxidase for 10 min, further fixation for 1-2 hr, and subsequent staining for peroxidase, the clefts and surface vesicles often also contained black reaction product. There were no labeled vacuoles in tissues fixed and then exposed to peroxidase.
Control Experiments to Exclude the Possibility that (a) Diffusion into the Basal
End of the Clefts From the Edge of Tissue, or (b) Diffusion During Fixation, Was the Only Mode of Localization in the Clefts
(a) It was theoretically possible, in the in vitro studies, that peroxidase had diffused into the basal part of the clefts from the cut edges of the tissue preparation. However, light microscopic studies on frozen sections indicated that diffusion of peroxidase into the cut edges of the tissue, after exposure to peroxidase for 10 min and rinsing, was limited to the periphery of the square of cremaster. Furthermore, sections taken from the center of the incubated squares of cremaster showed intercellular localization of peroxidase even after the tissue had been rinsed three times (total rinsing time 3-5 min) and the edges had been trimmed to exclude diffusion of excess peroxidase during fixation.
(b) Since peroxidase can diffuse in the clefts during or after fixation, it was theoretically possible that all the localization in the clefts, even in the in vivo experiments, occurred after (or during) fixation from peroxidase that had diffused out of the tissue. The following experiment was done to exclude this possibility. 2 ml of peroxidase were injected into the cremasteric sac in vivo as described above. 10 min later, the cremaster was removed and washed in 100 ml of Krebs-Ringer phosphate for 3 min and then transferred into fixative. Into the same jar of fixative, a normal cremaster, not previously exposed to peroxidase, was placed. Both cremasters were then processed for cytochemical demonstration of peroxidase. There was good staining of the clefts in the mesothelium exposed to peroxidase, but no staining whatsoever occurred in the normal cremaster. This indicated that the amount of peroxidase diffusing out into the fixative was too small to cause the intercellular localization observed in the peroxidase-treated cremaster.
These experiments do not exclude the possibilities that peroxidase had first diffused into he basal parts of intact clefts from adjacent areas of mesothelial denudation, through microscopic holes created during exposure and processing, or across foci of mesothelial cell injury. However, these were considered unlikely in view of the large numbers of apparently normal clefts that contained peroxidase. Nevertheless, since the entire cleft appeared to be permeable, it is assumed that passage of the enzyme in both directions can occur.
Experiments to Determine the Degree of "Binding" of Peroxidase
The experiments described above have indicated that peroxidase diffused passively across the mesothelium, and cut edges of the cremaster, into the interstitial tissue. As a determination of whether, in addition to diffusion, actual adsorption of peroxidase to various components of the tissue also occurred, the following experiments were done.
Pieces of cremaster were exposed to peroxidase for 10 min in vitro, as usual. They were then washed three times in 50 ml (each change) of peroxidase-free Krebs-Ringer phosphate for totals of 10 and 30 min. After they had been fixed,frozen sections were reacted for peroxidase. Light microscopy revealed that staining of the interstitium at the cut edges and beneath the mesothelium persisted after washing although the intensity of staining was somewhat diminished after washing for 30 min. Electron microscopy confirmed that staining persisted in the interstitium after 10 and 30 min of washing (Fig. 11) . After 10 min of washing, many of the intercellular clefts were free from reaction product, but an occasional one was stained. After 30 min of washing, all clefts were unstained, but some vesicles adjacent to the clefts, as well as basal vesicles, were still stained (Fig. 11) .
Experiment to Exclude Artifactitious
Adsorption of Reaction Product 1 mm blocks and frozen sections of fixed cremaster were incubated for 15 min in the complete incubation mixture to which was added 0.5 mg/ml of peroxidase. The resulting coarse precipitates R. S. COTRAN AND M. J. KARNOVSKY Mesothelium Permeability to Horseradish Peroxidase FIGURE 8 Intercellular cleft from mesothelium exposed to peroxidase in vitro for 10 min; fixed in formaldehyde-glutaraldehyde, postfixed in Os0 4 -collidine, and stained with uranyl acetate en bloc. The junction is shown at higher magnifications in the insert; the external leaflets of contiguous cell membranes are separated by a gap throughout the length of the junction. X 76,000; insert, X 160,000. adhered randomly to the surface of the blocks and frozen sections; by electron microscopy, large clumps of electron-opaque precipitates were seen outside the mesothelium, but there was no permeation of the clefts, vesicles, or interstitium.
Treatment with Histamine and Serotonin Antagonists
Two rats were injected intravenously with these antagonists as described under Materials and Methods. 5 min later 2 ml of peroxidase were injected into the cremasteric sac, and colloidal carbon was administered intravenously. The animals were sacrificed 15 min later. There was no carbon leakage in the venules of the cremaster muscle as had occurred in animals not injected with the antagonists, but peroxidase was still localized in the intercellular clefts of the mesothelium as in other experiments.
Experiments on the Mesentery
Four experiments on the mesentery were performed. In three of these, segments of rat mesentery were exposed to peroxidase in vitro for 10 min; and in the other, 4 ml of peroxidase were injected intraperitoneally into a mouse. In most blocks, no peroxidase staining whatsoever was observed in the mesothelium, neither in vesicles nor in intercellular clefts. In one in vitro experiment, however, there was a weak (gray) but definite reaction FIGURE 9 Mesothelium incubated in Krebs-Ringer phosphate and processed as in Fig. 8 . At the peritoneal end of the junction the external leaflets of adjacent cell membranes are separated by a very narrow gap. X 200,000.
product outlining intercellular clefts and adjoining vesicles. The negative results are interpreted as representing, at least in part, technical difficulties; it was not possible to obtain frozen sections which adequately preserved the mesothelium, and block incubations did not give satisfactory results.
Cell Junctions
The intercellular clefts of untreated mesothelium and of mesothelium exposed to Krebs-Ringer or to peroxidase, but not incubated in the cytochemical medium, showed no discernible ultrastructural differences. Most clefts were tortuous, owing to overlapping and interdigitation of contiguous mesothelial cells. In consequence, the junctional complexes were often cut tangentially or obliquely, thus obscuring the details. Generally the width of the intercellular cleft along most of its length was about 200 A; occasionally there were fusiform dilatations of one or more portions of the space. At one or more foci along the length of the junction, most commonly towards the peritoneal end but occasionally in the middle and rarely in the basal part, the contiguous cell membranes were approximated. At low magnifications (Fig.  8) such foci appeared as constrictions of the intercellular space. At higher magnifications, in more than half of the junctions examined with uranyl staining, (Fig. 8, insert; Fig. 9 ) the external leaflets of contiguous cell membranes appeared to be very close to each other but they did not fuse. In some instances a definite gap could be identified between the external leaflets; such gaps were difficult to measure accurately but appeared to be between 15 and 40 A in width. In other instances only three dark lines could be discerned in the junctions, with apparently complete obliteration of the space. Of 30 junctions, 19 could be categorized as either open or closed; of these there were 11 of the former, and eight of the latter. Some clefts also exhibited a rather long area of approximation, in the upper or middle one-third of the length of the clefts (Fig.  10) , in which only three dense lines were present. Such areas were found mainly in blocks fixed in OsO 4 -Veronal and treated with permanganate; they did not occur in all clefts and were seen with equal frequency in control and experimental tissues. Desmosomes were occasionally encountered, usually along the middle part of the cleft.
DISCUSSION
The findings reported above indicate that the intercellular clefts of the mesothelium are permeable to peroxidase and suggest that they may be the major sites of fluid and solute transfer across the peritoneal membrane. Under the conditions of these experiments, transport by micropinocytotic vesicles could not be established.
The question of adsorption of peroxidase to cell membranes or extracellular material deserves comment. The experiments on the effect of washing indicated that peroxidase did not diffuse out of the tissue at the same speed at which it diffused into the tissue, and this suggested that some binding must have occurred. Peroxidase in intercellular clefts proper could be washed away in 10-30 min (after incubation in peroxidase for 10 min), but binding persisted in the interstitia and in some basal and lateral vesicles. However, the occurrence of some binding does not seem to affect the conclusion that the clefts are permeable to peroxidase, since in order to be bound in a particular locus the peroxidase must be able to diffuse there in the first place. Evidence from other studies with peroxidase support this contention; thus peroxidase does not stain the intercellular spaces in cerebral capillaries (27) or in renal tubules (16) where the intercellular junctions are impermeable to peroxidase.
Previous morphologic studies on the permeability of the mesothelium have employed tracer particles at the level of the light (reviewed in reference 32) and electron microscopes (7, 14, 22, FIGuRE 10 Rat mesothelium incubated in peroxidase for 10 min, fixed in OsO4-Veronal, treated with permanganate according to Parsons (26) and stained with lead citrate. There is a long area (between the arrows) of adherence between the two adjacent mesothelial cell (M) membranes. The insert shows this area at higher magnification: that only three dense lines can be discerned suggests fusion of the contiguous external leaflets (but see text). X 35,000; insert, X 170,000.
FIGURE 11 Mesothelium (M) exposed to peroxidase for 10 min and then washed for 30 min in peroxidasefree, Krebs-Ringer phosphate. Frozen section. The interstitium (I), basal vesicles, some vesicles adjoining the clefts (arrows), and an intracytoplasmic vacuole (V) are still stained, but the intercellular cleft itself is free of peroxidase. X 22,000. 23, 32) . The light microscopic studies by earlier workers yielded conflicting results as to the nature and permeability of the intercellular boundaries, mainly because it was not possible to adequately resolve the junctions and assess the extent of mesothelial damage induced by the tracers (see reference 32). In 1956, Odor (23) studied the uptake and transfer of colloidal mercuric sulfide and thorium dioxide across the peritoneal cavity of the rat, and found that these particles were localized within mesothelial cells, in vesicles, and within bodies having a relatively dense structure. She did not detect any tracer particles within the intercellular spaces. Farquhar and Palade (12) later reported, in a footnote, the presence of tight junctions in the peritoneal mesothelium of the rat. Using colloidal metallic tracers, Staubesand (32), Fukuta (14) , and Marchesi (22) found that these tracers crossed the mesothelium by way of the pinocytotic vesicles. Baradi and Hope (1) reported further on the fine structure of the rabbit mesothelium; they emphasized that the intercellular spaces were often tortuous and labyrinthine and that side branches took origin from the main intercellular channels and opened into the lumen or into lateral or basal ends of the cell. They reported that tight junctions occurred in some intercellular boundaries, but in view of the tortuosity of the junction they could not determine whether such tight junctions were continuous around the cell.
Our findings on the fine structure of the mesothelium are similar in many respects to those of Baradi and Hope. In particular, the difficulty in assessing the fine structural details of the junctional complex, because of the tortuosity of the junctions, was encountered. Nevertheless, in our material many intercellular junctions did not exhibit fusion of the external leaflets and obliteration of the intercellular space. Although a number of tight junctions were encountered, it appears unlikely that these junctions are present along the entire circumference of the cell. In this respect the findings are comparable to those found in vascular endothelium by Karnovsky (18) , who interpreted his findings as suggesting that the junctions consisted of maculae rather than zonulae occludentes. Another consideration is that there was no detectable difference in the ultrastructure of the junctions between control mesothelium and mesothelium exposed to peroxidase, and open and closed junctions were present in both groups. Although admittedly more subtle changes may have failed detection, one is justified to assume, with the evidence at hand, that peroxidase did not significantly alter the permeability of the intercellular junctions. In a separate report (10) we have shown that in rats peroxidase causes mast cell damage and increased permeability of venules. However, previous treatment with histamine and serotonin antagonists, which inhibit vascular leakage, did not prevent the localization of peroxidase in the intercellular clefts of the mesothelium. In addition, the localization was similar in mice, where the permeability-increasing effect of peroxidase is negligible. The effect of histamine per se on mesothelial permeability was studied by Berndt and Gosselin (3), who found that it increased the net flow of radioactive rubidium but not phosphate. How this was brought about was not elucidated, but it appears unlikely, as these author stressed, that such an effect could be accounted for by "changes in the number, diameter, or length of pores."
Another mechanism that may account for the permeability of the intercellular clefts is that the foci of constriction are bypassed by focal vesicular transport, as was suggested for corneal endothelium by Kaye and Pappas (19) . However, the vesicles along the free surface were rarely filled with peroxidase beyond the thickness of one to three vesicles, while the foci of narrowing sometimes occurred in the middle or, rarely, in the basal part of the clefts. Another argument against vesicular bypass is the intercellular localization of peroxidase during or even after fixation of the mesothelium, thus indicating that the clefts are filled passively. Even if Brownian motion of vesicles does play a role in transport, as recently postulated (29), it is likely that fixation also inhibits Brownian movement. Whether the tight junctions encountered in the mesothelium, or the inconstant long areas of adhesion such as in Fig. 10 , are themselves permeable to peroxidase remains unknown. The occasional unlabeled segments of the clefts after exposure to peroxidase could be interpreted as representing restricted foci, but they could also be due to technical factors. Studies on intercellular junctions in other tissues suggest that zonulae occludentes are impermeable: for example, in cerebral capillary endothelium where zonulae occludentes predominate, there appears to be restriction of the passage of intravenously injected peroxidase (27) . The whole question of functional and morphologic correlations in tight junctions, however, should be approached with caution. Morphologic evidence of "tight areas" does not necessarily indicate impermeability, and tight junctions may in some cases be more apparent than real (18, 28) . For instance, recent studies have shown that a number of intercellular junctions, previously assumed to be tight, have a narrow intercellular gap approximately 20 A wide (18, 28) . Also in this study, fixation in OsO4-Veronal followed by permanganate staining en bloc (26) resulted in more frequent and more extensive tight junctions, e.g. as in Fig. 10 , than fixation in OsO 4 -collidine (with or without prefixation in aldehyde) followed by uranyl staining en bloc. The reasons for these differences are not understood. 2 The presence of intercellular channels allowing the passage of molecules the size of peroxidase, even after fixation, can explain the physiologic observations which suggest that transmesothelial transport of solutes is passive and can be accounted for by a system of pores or channels (15). Nevertheless, certain observations in the literature (6, 15, 30 ) cannot be explained simply by free passive diffusion through channels. The differential permeability of radioactive rubidium and phosphate in response to histamine, alluded to above, and the effect of vasopressin on sodium flux (30) suggest a more complex transport system, but our experiments do not shed further light on the mechanisms involved.
Our findings with peroxidase do not resolve the question of whether pinocytotic vesicles do transport at all. However, all images of vesicular labeling could be interpreted as passive filling from the peritoneal, basal, and intercellular surfaces. There was no complete labeling of cytoplasmic vesicles even after 1 hr of incubation with peroxidase, while the intercellular clefts were entirely labeled early after exposure. In addition to intercellular passage, however, large vacuoles and multivesicular bodies in the mesothelium sometimes contained peroxidase, and many images suggested that the phenomenon was akin to that occurring in other proteinabsorbing cells, such as the renal tubular epithelium. Dense bodies, multivesicular bodies, and vacuoles were also seen in unmanipulated mesothelium; this suggests that protein uptake by mesothelial cells may occur constantly under normal conditions. In this respect, therefore, the mesothelium cannot be regarded as an "inert, passive membrane" (30) . Whether the absorbed materials eventually find their way to the basal surface of the cell is problematic. Our findings, however, suggest that this process must be slow compared to intercellular passage and probably plays a minor role in the passage of low molecular weight substances across the mesothelium.
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